Abstract The spatiotemporal development of a bacterial community in an exoelectrogenic biofilm was investigated in sucrose-fed longitudinal tubular microbial fuel cell reactors, consisting of two serially connected modules. The proportional changes in the microbial community composition were assessed by polymerase chain reactiondenaturing gradient gel electrophoresis (DGGE) and DNA sequencing in order to relate them to the performance and stability of the bioelectrochemical system. The reproducibility of duplicated reactors, evaluated by cluster analysis and Jaccard's coefficient, shows 80-90% similarity in species composition. Biofilm development through fedbatch start-up and subsequent stable continuous operation results in a population shift from γ-Proteobacteria-and Bacteroidetes-to Firmicutes-dominated communities, with other diverse species present at much lower relative proportions. DGGE patterns were analysed by rangeweighted richness (Rr) and Pareto-Lorenz evenness distribution curves to investigate the evolution of the bacterial community. The first modules shifted from dominance by species closely related to Bacteroides graminisolvens, Raoultella ornithinolytica and Klebsiella sp. BM21 at the start of continuous-mode operation to a community dominated by Paludibacter propionicigenes-, Lactococcus sp.-, Pantoea agglomerans-and Klebsiella oxytoca-related species with stable power generation (6.0 W/m 3 ) at day 97. Operational strategies that consider the dynamics of the population will provide useful parameters for evaluating system performance in the practical application of microbial fuel cells.
Introduction
The production of electricity by microbial fuel cells (MFCs) has recently seen resurgent interest, frequently targeting sustainable bioenergy production from wastewater treatment (Logan and Regan 2006b; Lovley 2006; Rittmann 2006 ). In an MFC, a biofilm is the biocatalyst for electricity generation. These anodic Jung Rae Kim and Nelli J. Beecroft contributed equally to this paper as first authors.
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biofilms are dynamic and self-regenerating systems, able to adapt to changes in the environmental conditions. Fixed biofilms such as those found in membrane bioreactors and trickling bed reactors have been widely used in environmental systems resulting in stable bioprocesses with improved performances (Grady et al. 1999) . Recently, molecular and microscopic techniques have been applied to identify biofilm structures and the microbial communities involved. However, the development of a bacterial community on the electrode in an MFC and its composition might display differences compared to conventional processes. In MFCs, the immobilisation media (electrode) is not only used as a supporting base structure but also as a terminal electron acceptor. Biofilms using such media as electron acceptors might display specialised electroactive adhesion and different speciation/composition from nonbioelectrochemical systems, as this is essential for their respiration (Lower et al. 2001) . Therefore, understanding the development and composition of the microbial community, as well as the morphological structure of the biofilm, is crucial for the improvement and enhanced performance of these systems.
The analysis of microbial community composition based on 16S rRNA has proved to be a useful tool for monitoring biofilm development in bioelectrochemical systems. Although species such as Geobacter and Shewanella are well-known as anode respiring bacteria in MFCs, recent studies have shown far greater diversity of exoelectrogenic species on electrodes (Logan 2009; Logan and Regan 2006a) . In addition, studies on the temporal development of the community have not shown any particular trends regarding the dominant species or the composition of phyla. Even when the same inoculum was used, with the same operating conditions (such as system configuration and the concentration and type of organic substrate), the communities developed towards different phylogenetic compositions (Chae et al. 2009; Lee et al. 2003; Phung et al. 2004 ). These results imply that community development in MFCs may be systemspecific and difficult to predict or replicate because engineered MFC systems using biofilms for electricity generation might have greater diversity in exoelectrogenic species than expected.
The wide range of utilisable substrates in MFCs has been explained by the syntrophic cooperation between fermentative bacteria and exoelectrogens present in the biofilm on the electrode surface and/or in the bulk anodic suspension (Freguia et al. 2008) . Mixed cultures in an MFC would provide flexibility in substrate utilisation; thus, even recalcitrant biomaterials such as lignocellulose and chitin could be used for electricity generation (Huang et al. 2008; Ren et al. 2007; Rezaei et al. 2009 ). It is generally believed that fermentative bacteria do not use the electrode as electron acceptor because they obtain their energy through a mechanism that does not involve a terminal electron acceptor in the electron transport chain and are able to use other product molecules as final electron acceptors. However, electrogenesis might be facilitated by fermentation products such as volatile fatty acids (VFA) that could be used as substrates by exoelectrogenic bacteria, and/or synergistic interspecies hydrogen transfer (Gorby et al. 2006; Logan and Regan 2006a) . This syntrophic cooperation therefore can be greatly beneficial in converting wastewater and/or complex biodegradable materials into electricity in MFCs.
Most of the analyses of biofilms in MFCs have been conducted in small scale and/or relatively tightly controlled systems (e.g. H-type and single chamber reactors), which may be difficult to scale-up. However, the diversity and complexity of the community, together with the less than clear trends of biofilm development in these systems, make the process complicated and difficult to understand or to extrapolate findings to scaled-up systems. Thus, consideration of reactor designs which have steady-state, plug-flow hydraulic regimes and so spatially distribute the biofilm catalytic actions and which have been shown to be plausibly scalable may be helpful in understanding the patterns of development of a biofilm community (Kim et al. 2010) . In addition, these systems are well suited for the semi-quantitative analysis of the community dynamics by a method such as denaturing gradient gel electrophoresis (DGGE) and for the identification and classification of bacterial species in the system, on the basis of 16S rRNA sequence of their closest plausible relative species (Aelterman et al. 2006; Muyzer et al. 1993; Rittmann et al. 2008) . Furthermore, a semi-quantitative analysis of trajectory for community development might be used for the evaluation of system performance and diagnosis.
This work reports a semi-quantitative analysis of the spatial and temporal distribution and development of a bacterial community in a longitudinal tubular MFC reactor and its relation to fermentable substrate degradation. The dynamic changes in the bacterial species in the biofilm were monitored by polymerase chain reaction (PCR)-DGGE of partial 16S rRNA genes and gene sequencing, while a semi-quantitative analysis of results was performed by assessing the relative proportions of bacterial species and bacterial classes based on DGGE band intensity. The DGGE patterns obtained were also analysed by rangeweighted richness (Rr) and Pareto-Lorenz evenness distribution curves, to investigate the development of the evolving community. Duplicate reactors were compared by the above methods, to evaluate system reproducibility in terms of bacterial community development and current generation.
Materials and methods

MFC construction and operation
Single MFC modules with air cathode membrane electrode assembly (MEA) fabricated as previously reported ) were combined into duplicate two-module longitudinal tubular reactors A and B (Fig. 1) . The module bodies A1, A2, B1 and B2, each 23 cm long and 4.0 cm diameter, were made from polypropylene tube. The MEA contained a cation exchange membrane (CMI-7000, Membrane International Inc., Glen Rock, NJ, USA) and a carbon cloth cathode with 0.5 mg/cm 2 Pt. Each module contained an anode 23 cm long placed concentrically and made from carbon cloth (PRF Composite Materials, Dorset, UK) wrapped around a central perspex cylinder of 1 cm diameter forming multilayered anode electrode. At the junction between the two modules, a polypropylene tube with a central baffle plate was fitted over the open ends of each module, forming a 60-cm 3 connecting chamber with no anode. The baffle plate had a 1-cm-diameter aperture. The reactors were inoculated with anaerobic digester sludge as previously described ), except that 5 g/ l sucrose was used as substrate in this study. The MFCs were operated in fed-batch mode for 3 weeks for start-up and adaptation of the microbial community and switched to continuous-mode operation thereafter using 700 ± 50 mg COD/l sucrose as substrate. The flocs of biomass built up at the bottom of the first reactor (approximately 5 ml), resulting from fermentation processes, were removed every week using a syringe.
Analyses
The voltage and current across the load and the temperature were monitored by a computer based data logging system (LabVIEW™, National Instruments) and a calibrated thermistor circuit connected to an analogue input on the I/ O card, respectively. The power output measurements were conducted using a Solartron Instruments (Farnborough, UK) controlled by dedicated software (CorrWare 2™, Scribner Associate Inc., Southern Pines, NC, USA) as previously described ). Liquid sample analyses for COD, VFAs and pH were performed as previously described (Kim et al. 2010 ).
Sampling of microbial communities
Bacterial samples were taken from each module (A1 and B1, 3 cm from inlet; A2 and B2, 3 cm from outlet) at 0, 21, 41 and 97 days. The outer layer of the multilayered anode electrode was carefully excised, and the pieces obtained were trimmed into squares of approximately 1×1 cm on a sterilized glass plate under a laminar flow hood. The samples were preserved at −80°C until analysis. Total DNA was extracted directly from samples using FastDNA Spin Kit for Soil (MP Biomedicals, UK). The microbial community composition and the dynamics of the anodic biofilm were characterised by DGGE analysis of PCRamplified genes coding for partial 16S rRNA, followed by sequencing (see Supplementary Information for details of PCR amplification).
DGGE analysis
All the bacterial community samples were run on one DGGE gel. DGGE was performed with an INGENY phorU system (Ingeny International BV, The Netherlands) using 8% (w/v) polyacrylamide gels (acrylamide/bisacrylamide, 37.5:1, gel stock solution; Sigma, USA) with the denaturing gradient ranging from 40% to 60% (100% denaturant contains 7 M urea and 40% (v/v) formamide). Gels were prepared following the manufacturer's protocol, except that in the polymerisation step, 3 ml of isopropanol was added on the top of the gradient gel to make the surface of the gel smoother. After polymerization, the isopropanol was removed and the stacking gel was cast on the gradient gel as described (Dopson et al. 2007 ). Forty-five microlitres of PCR products was loaded onto each lane. As high similarity had previously been observed in duplicate DGGE profiles (data not shown), single samples were used in these experiments.
Gels were run in 1× TAE at 60°C with 100 V for 21 h and stained for 1 h in 3× GelRed solution (Cambridge Bioscience, UK) containing 0.1 M NaCl. The gel was washed with 1× TAE for 10 min and visualized under UV light. The DGGE gels were analysed using image analysis software (Gel2k, v. 1.2.0.6; Norland 2004; http://folk.uib. no/nimsn/gel2k/) that estimates the relative position and area of peaks in a lane. The relative proportion of species in Fig. 1 Longitudinal tubular MFC reactors the communities can be inferred from the relative band intensities calculated by dividing the peak area of a band by the sum of peak areas of all bands in a lane (excluding chimeras, analysed as described below; Koskinen et al. 2007) . Bands were correlated with bacterial strains by DNA sequence analysis as described below. The DGGE profiles of samples taken at different time points and the position of duplicate MFCs were compared by cluster analysis (MultiVariate Statistical Package, v. 3.13b ; Kovach Computing Services, UK) with Jaccard coefficient for the construction of similarity matrices and unweighted pair group method with arithmetic mean (UPGMA) clustering algorithm for the construction of dendrograms (el Fantroussi et al. 1999; Röling et al. 2000) .
The range-weighted richness (Rr) was derived from the DGGE patterns over time and calculated as Rr=N 2 ×D g , where N is the total number of bands in the pattern (lane) and D g is the denaturing gradient between the first and the last band of the pattern (Marzorati et al. 2008) . The structure of the bacterial communities (species distribution) was graphically represented as Pareto-Lorenz evenness curves based on the DGGE profiles. For each lane, the bands were ranked from high to low according to their intensities and the results plotted as cumulative proportion of band intensities (y-axis) vs. cumulative proportion of bands (x-axis; Marzorati et al. 2008 ).
Sequencing and phylogenetic analysis of DNA fragments of DGGE bands Bands were excised from the gels, eluted in 20 μl of nuclease-free water at 4°C overnight and stored at −20°C. Aliquots (2 μl) were re-amplified by PCR for sequencing using the bacterial primers 341F and 907R or the archaeal primers ArchV3f and Ar958r, without the GC clamp in the forward primers. The PCR reaction mixtures and PCR programs were as described above with the exception that no bovine serum albumin was added and the nested archaeal PCR consisted of 32 cycles instead of 25. The PCR products were purified using QIAquick PCR Purification Kit (Qiagen, UK) and sequenced at GATC Biotech, Germany.
The sequence data were analysed with BioLign software v. 4.0.6.2 (http://www2.maizegenetics.net/bioinformatics) and compared to known 16S rRNA sequences in GenBank (http://www.ncbi.nlm.nih.gov/blast/). Possible chimeras were detected using Chimera detection software v. 2.7 (Cole et al. 2003) and Pintail software v. 1.1 (Ashelford et al. 2005) . The sequences were aligned and phylogenetic trees constructed with the programme package ARB (Ludwig et al. 2004 ) using the distance based neighbourjoining algorithm by Saitou and Nei (1987) with 1,000 bootstrappings (Felsenstein 1985) . The 16S rRNA gene sequences submitted to GenBank can be found under the accession numbers HM043223-HM043253.
Results
Biofilm development and reactor performance
The duplicate longitudinal tubular reactors were operated in fed-batch mode (with 5 g/l sucrose) during the first 21 days for enrichment (Fig. 2) . During this period, the current was observed to fluctuate (between 0.03 and 0.29 mA with a 1-k Ω external resistive load), and the fluctuations were clearly seen to be correlate to the periodic replacement of medium. When the reactors were switched into continuous mode (0.7±0.05 g/l sucrose), current generation steadily increased during the next 20 days, finally becoming stable at around 0.39 mA. The current differences between the duplicate reactors and between the first and second modules were relatively small. The power density developed similarly to the current increase. The power densities of A and B at t=26 days (i.e. 3 days of continuous operation) were 1.7 and 1.2 W/m 3 , respectively, increasing up to 6.0 and 5.9 W/m 3 at t=42 days (22 days of continuous operation; data not shown).
The sucrose fed into the longitudinal tubular reactors was completely metabolized into VFAs in the first modules in both the duplicate reactors. The main VFAs detected were acetate, propionate and butyrate, and their concentrations changed along the length of the reactor (Table 1) . These results indicate that the fermentable substrate was metabolized into VFAs rapidly after entering the longitudinal tubular reactor, and these products of catabolism were gradually consumed along their passage through the reactor. The Coulombic efficiencies (CEs) in the first and the second module were estimated to be 7±2% (5% and 9% for A1 and B1) and 26±5% (21% and 31% for A2 and B2), respectively.
Bacterial community analysis
The composition of the bacterial communities present in the anodic biofilm under the different trophic conditions was analysed by DGGE of PCR-amplified partial 16S rRNA genes ( Figure S2 ). Despite its limitations, DGGE can and has reasonably been used to obtain details of the composition of microbial communities (Rittmann et al. 2008) , by assuming that the relative proportions of the different species in the community can be estimated from the relative intensity of the bands (Koskinen et al. 2007; Zhang and Fang 2000) . The closest relatives of the detected species were inferred from their 16S rRNA sequences in order to elucidate the dynamics of the communities and their taxonomy. The reproducibility of the bacterial communities was evaluated using the results from the duplicate MFCs. In order to identify those bacterial species that may play a key role in the performance of the reactor, the relative proportions of species obtained from band intensities of DGGE community profiles over time were related to the current generation of each MFC module.
Cluster analysis of bacterial community profiles
Cluster analysis of bacterial community profiles was investigated using Jaccard's coefficient in order to evaluate the similarity between the duplicate reactors with respect to the change of community over time. As it can be seen from distant clustering of samples taken at day 0 versus all the other time points (Fig. 3) , the community composition of the anodic biofilm was different from the inoculum. The distance indicates that the microbial community evolved in the MFC had developed from the inoculum in the digester sludge process (non-exoelectrogenic condition). The bacterial species which were likely to be present in the inoculum in undetectable quantities could nonetheless be selected and enriched during the operation of the MFCs.
Cluster analysis also revealed separate clustering of samples obtained from modules A1 and A2, indicating that the communities developed differently in these modules (Fig. 3) . This result is attributed to different trophic condition of tubular reactor. In addition, differences could be observed between samples taken at different time points in both modules A1 and A2, indicating temporal development of communities. This behaviour was also observed in duplicate reactor B.
Samples taken from duplicate modules A1 and B1 and A2 and B2 at the same time points cluster together. Jaccard's similarity in species composition, based on comparison of the presence (and absence) of DGGE bands, was 90% for A1 and B1 and 80% for A2 and B2 on day 97. These results indicate Fig. 3 Cluster analyses of bacterial DGGE profiles of duplicate MFCs A and B. Each node in the tree (labelled ReactorName_Oper-ationDay) represents one lane in the DGGE gel. The trees were generated using Jaccard similarity coefficient and UPGMA clustering algorithm that the bacterial communities were well replicated in duplicate reactors operated at the same conditions, displaying only minor differences in species composition.
Bacterial community composition dynamics
Phylogenetic analysis of the samples revealed a diverse bacterial community consisting of β-, γ-and δ-Proteobacteria, Firmicutes (Clostridia and Bacilli), Bacteroidetes and Spirochaetes (Fig. 4) . Based on the relative proportions (band intensities) of species obtained from DGGE profiles, the bacterial species present at higher proportions ("dominant") varied over time in the duplicate MFC modules. The composition of the bacterial species in modules A1 and B1 showed similarity (Fig. 5 ) and the same was observed in modules A2 and B2. In A1 and B1, the bacterial species present in highest proportion were closely related to Bacteroides graminisolvens (98% similarity), Raoultella ornithinolytica (100%) and Klebsiella sp. BM21 (100%) at the start of continuous-mode operation (day 21) and to B. graminisolvens (98% similarity), Paludibacter propionicigenes (94%) and Eubacterium sp. BBDP70 (95%) on day 41. By day 97, bacteria with sequence similarity to P. propionicigenes (94% similarity), Lactococcus sp. F116 (100%), Pantoea agglomerans (100%) and Klebsiella oxytoca (99%) showed the highest relative proportions. In A2 and B2, the predominant species showed high degree of similarity to B. graminisolvens (98% similarity), Eubacterium sp. BBDP70 (95%) and Pseudomonas sp. MY0506 (95%) on day 21 and to B. graminisolvens (98%), Eubacterium sp. BBDP70 (95%) and P. propionicigenes (94%) on day 41. By day 97, Lactococcus sp. F116 (100%), P. propionicigenes (94%) and K. oxytoca (99%) were the bacterial species present in the community at the highest relative proportion.
A population shift from γ-Proteobacteria-and Bacteroidetes-dominated to Firmicutes-dominated communities was observed over time in all MFC modules (Fig. 6) . By day 97, Firmicutes constituted 52±3.8% (SEM; n=4) of the bacterial community, followed by Bacteroidetes 33 ± 3.6% and γ-Proteobacteria 11±2.1%.
Bacterial community diversity and species distribution
The range-weighted richness index (Rr), based on the number of bands and the percentage of denaturing gradient
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e r a n s required to describe the total diversity of the community, was calculated for the DGGE pattern of each time point (i.e. each lane in the gel) to characterise the communities along the tubular reactors. The anaerobic sludge inoculum showed a much higher Rr value (Rr=50, day 0) than the communities enriched in the MFCs over time ( Table 2 ). The diversity of the communities in A1 and B1 was relatively restricted on day 21 (Rr=3.1 and 2.0, respectively), but it increased with time to reach the same level as that of A2 and B2. On day 97, A1 and A2 showed a rangeweighted richness of 13, while a value of Rr=10 characterised the bacterial communities of B1 and B2. According to the classification of Marzorati et al. (2008) , Rr values between 10 and 30 correspond to medium range-weighted richness. Pareto-Lorenz evenness curves, based on the numbers of bands and their intensities, were plotted over time for each MFC module to visualize species abundance ratios in the biofilm communities. It was observed over time that 20% of the bands for the communities of A1, B1, A2 and B2 corresponded with 51±3.6% (SEM; n=3), 60±5.1%, 72± 1.2% and 62±4.0% of the cumulative band intensities, respectively (Fig. 7) .
C i t r o b a c t e r f r e u n d i i
Discussion
The spatial and temporal dynamics of bacterial community composition was investigated in duplicate longitudinal Day 0 indicates the diversity of the inoculum tubular MFCs using a semi-quantitative approach based on band intensities of DGGE community profiles. DGGE allowed the assessment of relative composition of a microbial community present in the amplicon pool but not the abundance of individual populations. Proportion trends of species, range-weighted richness and Pareto-Lorenz evenness distribution were analysed from DGGE profiles. High organic removal efficiency with simultaneous energy recovery was anticipated by spatially different microbial communities in the longitudinal reactor consisting of two modules (Kim et al. 2010) . Reproducibility of performance and development of microbial communities was obtained from duplicate reactor operations. Different types of tubular MFCs have been studied previously (He et al. 2006; Scott et al. 2007 ), but the composition and dynamics of microbial consortia responsible for degrading organic contaminants and generating electricity in these MFCs has not been previously investigated. Both modules of the duplicate reactors (A1, A2, B1 and B2) showed similar current generation and maximum power densities and community development similarity in the range of 80-90%. The organic removal profiles of the tubular reactor's modules were spatially different, with most of the sucrose being degraded in the first module and mainly VFAs entering the second module. The development of biofilms in the duplicate reactors proceeded from inoculation and batch start-up operations. During the first 21 days of biofilm development, fluctuations in current were observed which were likely to indicate that significant electrochemically active biofilm had yet to firmly attach to the anode electrode. Replacing the media resulted in reduced electroactivity, which might indicate that unattached electroactive biocatalytic material was removed from the anode chamber in the process. The observed current during this period may therefore have been derived primarily from suspended bacteria (and/or bacteria loosely associated with the anode electrode). In such circumstances, the electron transfer mechanisms would require extracellular conductive pathways (i.e. electron shuttles or mediators).
With subsequent continuous operation and under the conditions present in modules A1 and B1 (i.e. fermentable substrate), a thick biofilm and/or biomaterial layer suggestive of extracellular polysaccharide excretion was observed. By comparison, less abundant biomaterial was observed under the conditions found in modules A2 and B2, where the dominant substrates were VFAs and no sucrose could be detected. Furthermore, the higher CEs obtained in the second modules indicate high recovery of electrons from consumption of organic materials in the VFA dominant conditions, as compared with the fermentable substrate dominant conditions in the first module. This result implies that the biofilm under fermentation end product dominant conditions is more efficient with respect to electrogenesis. The different trophic conditions in the first and the second reactor resulted in the formation of apparently different biofilms on the electrode surface (see Supplementary  Information Figure S1 ).
Bacterial community dynamics
Cluster analysis of DGGE profiles revealed temporal and spatial divergence of bacterial communities in successive MFC modules. The composition of bacterial communities seems to be reproducible, as indicated by the high Jaccard's similarity coefficients for community profiles of duplicate reactors. The dominant bacterial species varied over time in both MFC modules with duplicate reactors showing similar trends in the succession of dominant species (Fig. 5 ). The appearance of P. propionicigenes by day 41 when MFC current had reached relative stability and a further increase in its relative proportion by day 97 probably indicates the importance of this species in electricity production or synergistic interaction with exoelectrogens. This species with sequence similarity to P. propionicigenes (94%) is a distant relative (<97%; Fig. 4 ) and may represent a new species with metabolic capabilities yet to be explored and that could possibly explain the competence of this species in the anodic biofilm. Supporting this suggestion, a species distantly related to P. propionicigenes (91%) was also found in the electricity-producing community of a cellulose-fed MFC albeit not in open-circuit conditions (MFC with no current flow; Ishii et al. 2008) . The increase in the relative proportion of P. propionicigenes seemed to coincide with the disappearance of B. graminisolvens during stable power generation, probably explained by functional similarity of these species belonging to the order Bacteroidales and fermenting carbohydrates with acetate and propionate as main products (Nishiyama et al. 2009; Ueki et al. 2006 ; see Supplementary Information for further discussion of closest plausible relatives of the detected organisms based on their 16S rRNA sequence).
A previous study has compared bacterial community structures using hydraulically connected MFCs (Chung and Okabe 2009) . The anodic bacterial community in this threestage MFC, where the successive MFCs consisted of cubical anode and cathode chambers, was dominated by γ-Proteobacteria in the first glucose-fed MFC, whereas the biofilm of the second and third MFCs, receiving mainly acetate, showed dominance of Firmicutes-affiliated species. In contrast, our study detected the dominance of Firmicutes in both successive MFC modules. This difference could be attributed to the use of different inoculum source, substrate and reactor configuration or versatile metabolism of the strains found in both successive modules of tubular MFCs. The temporal development of the anodic biofilm community has previously been investigated by Aelterman et al. (2006) who reported an increase in power density of acetate-fed continuous MFCs with simultaneous shift from a community dominated by Proteobacteria, followed by Firmicutes and Actinobacteria, to a community dominated by Brevibacillus agri, a member of Firmicutes. Jung and Regan (2007) found that Geobacter sp. were predominant in anodic biofilm of all glucose-, lactate-and acetate-fed MFCs operated in batch mode. Over time, only changes in functionally similar Geobacter-like strains were observed.
As far as we are aware, the only quantitative community dynamics study is that reported by White et al. (2009) who investigated community dynamics over one batch cycle of a plankton-fed MFC with poised potential (0.3 V), targeting some specific bacterial classes (γ-and ε-Proteobacteria) or genus (Geobacter, Arcobacter, Flavobacterium-Cytophaga-Bacteroides). At the onset of power production, an increase in the relative abundance of γ-Proteobacteria was observed, with a later succession to Geobacter and then to Flavobacterium-Cytophaga-Bacteroides phylotypes. This was thought to indicate that γ-Proteobacteria were effectively competing for resources and possibly contributing to power generation. In the present study, we analysed bacterial community dynamics (semi-)quantitatively in continuously fed MFCs, where no significant temporal changes in the concentration of feed substrate occurs and therefore, in contrast to batch studies, the changes in community were not likely to be due to changes in substrate levels. Despite this operational stability, dynamic changes among the dominant members of bacterial communities of tubular MFCs were observed, even during stable power generation, and the MFC current did not correlate positively with the relative proportion trend of any one species over time. This finding further confirms the capability of several bacterial species to compete for resources and to contribute to power generation (directly or syntrophically), in coincidence with the results by White et al. (2009) .
It is acknowledged that the PCR-DGGE method used in this study for the determination of proportion trends of species is not purely quantitative due to bias associated with DNA extraction, the endpoint PCR amplification and the potential presence of multiple variable 16S rRNA gene operons in organisms (Marzorati et al. 2008; Muyzer and Smalla 1998) . In addition, co-migration of DNA fragments of different sequence can be a limiting factor in the DGGE analysis of diverse microbial communities and retrieving clean sequences from all the individual DGGE bands is typically not possible (Green et al. 2009 ). Therefore, the results obtained from the molecular analysis provide only an indication of the degree of diversity in the anodic communities in the tubular MFCs and should not be construed as an absolute measurement of diversity. However, it is believed that the approach provides valuable insight and allows trends in dynamic changes of community composition and the spatiotemporal development of anodic microbial communities in the tubular MFCs, to be identified.
Bacterial community diversity and species distribution Community diversity and even more importantly the functional redundancy could be significant factors in determining the functional stability of a MFC system (Briones and Raskin 2003; Fernández et al. 2000) . According to the definitions discussed by Marzorati et al. (2008) , the duplicate MFC modules can be characterised by a medium diversity with a medium range-weighted richness (Table 2 ; Fig. 7 ). The internal structure of the anodic biofilm communities over time was assessed by constructing Pareto-Lorenz evenness distribution curves. The communities in these duplicate MFCs presented a small amount of dominant species (i.e. species present in large numbers), while a majority of species were present in decreasing lower amounts but nevertheless available to proliferate. As suggested by the changes observed in the relative proportions of predominant species during stable power generation, the Pareto-Lorenz evenness distribution curves can be speculated to further imply the functional redundancy within bacterial anodic biofilm communities and the capacity of several bacterial species to compete for resources, including anode as electron acceptor. Communities with such an internal structure can potentially preserve their functionality in sudden stress conditions (Marzorati et al. 2008) , which may be an advantage in wastewater treatment processes using MFCs, which are subject to continuous environmental changes. A control experiment (without an external circuit and load) was not conducted in this study because only bacterial community development in realistically operated MFC reactors (i.e. electricity generation with a load circuit) was monitored. Different patterns of community development would be expected in persistently open-circuit MFC reactors, and investigating the characteristics of electrogenically active biofilms requires MFCs with closed external load circuits to become electroactively established.
The archaeal communities of A1, A2, B1 and B2 showed similar patterns with inoculum until day 41. Then Methanosaeta concilii (98-100% similarity) and Methanocorpusculum parvum (98-100%) become predominant species in archaeal community (see Supplementary information for details of composition dynamics of Archaea).
In conclusion, the results of the semi-quantitative bacterial community analysis from longitudinal tubular MFC reactor under continuous operation provide a useful tool for the evaluation of the system, allowing issues such as performance, stability and reproducibility to be investigated. The development of a biofilm during start-up in fedbatch and thereafter in stable continuous operation resulted in a shift in the dominant species from γ-Proteobacteria and Bacteroidetes to Firmicutes, with other diverse minor phyla also present. To the authors' knowledge, this is the first work to investigate the spatiotemporal bacterial community development in realistic, plausibly scalable MFC reactors and operating conditions using a semiquantitative approach. Our findings show that similar dynamic changes in the bacterial community composition are obtained in duplicate reactor. Aelterman et al. (2006) reported high reproducibility (indicated by a Pearson correlation ≥97% for DGGE profiles) of bacterial biofilm communities in acetate-fed MFCs by the end of operation. DGGE analysis showed a temporal shift from communities dominated by Proteobacteria to communities dominated by B. agri, a member of Firmicutes (59% of sequenced clones, as analysed for one MFC; Aelterman et al. 2006) . The bacterial communities of thermophilic acetate-fed MFCs were also found to be similar (>89%) to each other based on PhyloChip arrays of 16S rRNA gene (Wrighton et al. 2008) .
Power density, COD removal and energy recovery in the duplicate MFCs were also comparable, ensuring the reproducibility of the system under study. The dominant species identified on the basis of their 16S rRNA sequence and their proportion trends in the first and the second tubular reactor were similar although the trophic conditions showed difference. The fermentative species were found in both conditions probably due to migration of fermentative species in continuous operation. It may also be possible that a metabolic switchover occurs, such as fermentative species becoming electrochemically active by adaptation towards a more energy efficient metabolism. Our results are in agreement with previous reports, showing that phylogenetically diverse communities make it difficult to draw unambiguous conclusions in population dynamics. However, our results suggest that population dynamics and species represented show temporal biofilm development related to the environmental circumstances and a combination of those will determine the system performance. Therefore, operational strategies for monitoring the population dynamics by quantitative methods and controlling causal parameters are important and need to be developed for practical application to MFC systems. A need for further development of more discriminating analytical tools and method is also evident.
